Pseudomonasfragi has the ability to grow between 0 and 35°C and grows optimally at 30°C. Cellular proteins from mid-log-phase cells growing from 4 to 34°C were labeled with L-[35S] methionine during 1 generation time and analyzed by two-dimensional gel electrophoresis. The electrophoretic patterns revealed differences in the patterns of protein synthesis over this temperature span. A qualitative comparison of cellular proteins led to their separation into five thermal classes. The first class contained proteins whose relative rates of synthesis were unaffected by the growth temperature. Three other classes included proteins with optimal expression at 4 to 10, 15 to 20, and 25 to 30°C. A fifth class contained proteins which were more specifically synthesized at a supraoptimal growth temperature (34°C). Two low-molecular-mass proteins, designated C7.0 and C8.0, were highly concentrated at 4 to 10°C, and their relative rates of synthesis steadily increased with decreasing temperature. Polyclonal antibodies were separately raised against these two proteins. Immunological analyses revealed cross-reaction between these two proteins and between two additional low-molecular-mass proteins which were maximally produced at elevated temperatures. Antisera directed against C8.0 recognized the major cold shock protein of Escherichia coli, CspA, indicating the presence of similarities between these proteins.
Pseudomonasfragi has the ability to grow between 0 and 35°C and grows optimally at 30°C. Cellular proteins from mid-log-phase cells growing from 4 to 34°C were labeled with L-[35S] methionine during 1 generation time and analyzed by two-dimensional gel electrophoresis. The electrophoretic patterns revealed differences in the patterns of protein synthesis over this temperature span. A qualitative comparison of cellular proteins led to their separation into five thermal classes. The first class contained proteins whose relative rates of synthesis were unaffected by the growth temperature. Three other classes included proteins with optimal expression at 4 to 10, 15 to 20 , and 25 to 30°C. A fifth class contained proteins which were more specifically synthesized at a supraoptimal growth temperature (34°C). Two low-molecular-mass proteins, designated C7.0 and C8.0, were highly concentrated at 4 to 10°C, and their relative rates of synthesis steadily increased with decreasing temperature. Polyclonal antibodies were separately raised against these two proteins. Immunological analyses revealed cross-reaction between these two proteins and between two additional low-molecular-mass proteins which were maximally produced at elevated temperatures. Antisera directed against C8.0 recognized the major cold shock protein of Escherichia coli, CspA, indicating the presence of similarities between these proteins.
The ability of psychrotrophic bacteria to grow at temperatures near 0°C is a characteristic that differentiates them from the mesophilic bacteria. The maximal temperature for growth of a psychrotroph is below 40°C, with an optimal growth temperature above 20°C (25) . Psychrotrophic bacteria are widespread in all natural environments where there are no extreme temperatures and in most refrigerated foods. Their presence in foodstuffs can be the cause of spoilage or food poisoning. As a matter of fact, the development of the industrial production of foods and the increased use of refrigeration for their conservation over long times have greatly enlarged the importance of psychrotrophic bacteria. The psychrotrophic flora in meat, fish, vegetables, and dairy products is composed mainly of gram-negative bacteria, most of which belong to the genus Pseudomonas. Several Pseudomonas species are very troublesome in foods because they are able to produce thermally resistant enzymes, lipases and proteases, which are responsible for undesirable odors and flavors. Such is the case for the spoilage bacterium Pseudomonas fragi, which represents 75 to 92% of the microorganisms present in refrigerated meats from different origins (6, 33) .
Despite the impact of psychrotrophs in foodstuffs, few studies concern the physiological and molecular basis of growth at low temperature. It is known that changes in membrane structure occur at low temperature and membrane fluidity is generally conserved by an increase in the proportion of unsaturated fatty acid residues (9, 14, 34) . Protein synthesis is also maintained at 0°C in psychrotrophic Pseudomonas spp. (35) , while an early initiation step in protein synthesis is blocked below 8°C in mesophilic bacteria (5, 27, 28) . Jaenicke (17) temperatures. However, there are few studies on the effects of temperature on individual proteins and their levels in the cells and numerous studies concern only the physiological events which take place after a shift up or down in temperature. A study of the steady-state levels of proteins present during growth at seven temperatures (from 13.5 to 46°C) was done with the mesophilic bacterium Escherichia coli. These experiments showed a 10% variation in protein expression between cultures grown at the two extreme temperatures (15) . Potier et al. (29) compared the polypeptides of the psychrotrophic bacterium Arthrobacter globiformis S155 during exponential growth at 10 and 32°C and identified 13 proteins which were synthesized preferentially or exclusively at low temperature and 21 proteins the amounts of which were increased at 32°C. Araki (1, 2) has shown that some proteins from the psychrophilic bacterium Vibnio sp. strain ANT-300, identified after a shift up or down, were also characteristic of steady-state growth at a low (0°C) or supraoptimal (13°C) temperature. The same phenomenon was observed by Whyte and Inniss (37) with the psychrotrophic bacterium Bacillus psychrophilus and by Roberts and Inniss (32) with the psychrophilic bacterium Aquaspinllum arcticum; the proteins whose relative synthesis levels increased when the bacteria were grown at a continuously low temperature were named cold acclimation proteins by these investigators. Some of these cold acclimation proteins were also characterized as cold shock proteins, but the functions of overexpressed proteins, dependent on temperature in continuous cell cultures, are not known.
The results reported here indicate that the relative synthesis levels of several cellular proteins from P. fragi are significantly different between 4 (20) . Gels from the first dimension were incubated for 20 min in the denaturing buffer of Laemmli (20) Amersham X-ray Hyperfilms-MP.
An alphanumeric code was assigned to all of the proteins which presented some variation in the level of expression with temperature. The nomenclature for proteins was established as follows. A letter from A to F was assigned on the basis of the pH gradient, going from the acidic side to the basic side of the gel; this was followed by a number corresponding to the estimated molecular mass. The pH gradient was determined with 2-DE standards (Bio-Rad) and by pH measurements of first-dimension gels sliced into 0.5-cm sections and placed into deionized water for 20 h at 4°C. The molecular masses were estimated on the basis of comigrating broad-range standards (Bio-Rad) in the second dimension. Relative protein levels were determined by analysis of nine 2-DE gels from three different culture and protein extracts for each of the seven growth temperatures.
Preparation of polyclonal antibodies. The positions of two low-molecular-mass proteins, named C7.0 and C8.0, were detected in the gels by staining with Coomassie blue R-250. The spots were cut out separately from 400 2-DE gels, ground in a Potter-Elvehjem grinder with phosphate-buffered saline, and freeze-dried. The powder was resuspended in distilled water and mixed with an equal volume of complete Freund's adjuvant for the initial injection and with incomplete Freund's adjuvant for the next ones. Polyclonal antibodies against proteins C7.0. and C8.0 were raised separately in rabbits by subcutaneous and intradermal injections of the emulsions at 3-week intervals on five occasions after the first inoculation. Final boosters were given 9 days before recovery of the sera.
Immunochemical analysis. (Fig. 1A) or on similar gels stained with Coomassie blue (Fig. 1C) or silver (data not shown) from the same extracts but were present at 30°C (Fig. 1B and D) . These results pointed out the presence of two low-molecular-mass proteins, 21 Fig. 2A to G, in which all of the temperature-regulated proteins not located in Fig. 1 or present at greater amounts than in Fig. 1 Table 1 with the corresponding alphanumeric designations. The optimum levels of relative synthesis were used to classify these proteins into five classes (13) . Class Immunochemical study of proteins C7.0 and C8.0. The relative synthesis levels of C7.0 and C8.0 were the highest among the proteins overexpressed at low temperatures. Antibodies raised against either C7.0 or C8.0 were used to examine the presence of these two low-molecular-mass proteins at the different growth temperatures by immunoblotting. Each serum reacted strongly with the antigen used to provoke the antibodies (Fig. 3A and B) . However, the antibodies raised against protein C8.0 cross-reacted with protein C7.0 and the serum containing anti-C7.0 immunoglobulins weakly recognized protein C8.0. Two other proteins, E7.0 and E8.0, were also recognized by these sera, the first more specifically with anti-C7.0 serum and the second more specifically with anti-C8.0 serum (Fig. 3C and D) . E7.0 and E8.0 had the same molecular masses as C7.0 and C8.0, respectively, but they belong to class 4, which includes proteins preferentially synthesized at 25 to 30°C.
Similar experiments with cellular proteins from E. coli grown at 15°C revealed that a low-molecular-mass protein was recognized by anti-C8.0 serum (Fig. 2H) . When characterized by 2-DE, this protein displayed a molecular mass (10.0 kDa) and an isoelectric point (5.85) corresponding to the 2-DE parameters defined by VanBogelen and Neidhardt (36) for protein CspA, the major cold shock protein of E. coli (8) . response to the growth temperature. However, the number of proteins whose relative rates of synthesis varied with the temperature was low and represented 13.5% of the total cellular proteins detected on electrophoretograms and autoradiograms (approximately 550 spots). This result closely matches that of Herendeen et al. (15) obtained with E. coli, approximately 10% of whose proteins varied from 13.5 to 46°C. The levels of 20 P. fragi Kl proteins were higher at 4°C than at 30°C (class 2), and their relative rate of synthesis increased systematically with a decrease in temperature below the optimal growth temperature. Conversely, the relative rates of synthesis of 24 other proteins increased linearly from the low temperatures to 25 or 30°C (class 4). We have also identified 16 proteins the optimum levels of which appeared at intermediate temperatures, around 15 and/or 20°C (class 3), and 15 proteins overexpressed at a supraoptimal temperature, 34°C (class 5).
We suggest that some P. fragi Kl proteins take the place of others at temperatures at which the latter display reduced functioning. This could be due to various phenomena, including protein conformational modification, proteolysis, and mRNA instability. In other words, it seems likely that the changes in protein synthesis observed not only result from passive modifications in response to temperature but also involve changes resulting from active regulatory mechanisms. This hypothesis was also expressed by Araki (2) concerning the changes in the rates of synthesis of individual proteins in the psychrophilic bacterium Vibrio sp. strain ANT-300 after shifts in temperature. Indeed, Araki noted that some of the proteins whose increased rate of synthesis was observed after a temperature shift up or down were also characteristic of growth of that strain at either a low temperature (0°C) or a supraoptimal temperature (13°C). Similar results have been observed for a psychrophilic bacterium, Aquaspirillum arcticum (32) , and a psychrotrophic bacterium, Bacillus psychrophilus (37), with five and eight proteins, respectively, overexpressed during steadystate growth at 0°C which were also characterized as cold shock proteins. These researchers have named these particular proteins cold acclimation proteins. Potier et al. (29) also observed preferential synthesis of at least 21 polypeptides at 32°C and the exclusive presence or increased quantities of 13 proteins at 10°C in the psychrotrophic bacterium A. globiformnis S155.
Considering these previous results and experiments in progress in our laboratory, we can reasonably say that some of the temperature-controlled proteins we found to be preferentially synthesized at either low or supraoptimal temperatures are also involved in the cold shock or heat shock response, respectively. Therefore, in our study, the term cold acclimation proteins could apply to some class 2 proteins, such as C7.0 and C8.0, which are greatly overexpressed after cold shocks (unpublished data) whereas, by analogy, some class 5 proteins, EFFECF OF TEMPERATURE ON PROTEIN LEVELS IN P. FRAGI 4023 such as B74.0, E7.0, and E8.0, could be named heat acclimation proteins (24) , indicating that they are involved in the adaptative response of the bacterium at either suboptimal or supraoptimal temperatures.
A small number of proteins, with molecular masses ranging from 47.0 to 8.2 kDa, displayed an optimal relative rate of synthesis between 15 and 20°C. This result may be connected with the maximal production of proteases (7, 11, 22) , phosphatases (11) , and lipase (23) observed for several strains of P. fluorescens at 15 to 20°C, i.e., below the optimal growth temperature of the bacteria. Gugi et al. (11) showed that a protease and three phosphatases displayed maximal activities and production at 17.50C and that the growth temperature specifically controlled these phenomena, suggesting the existence of a mechanism of regulation dependent directly on temperature.
Among the proteins displaying changes in relative rates of synthesis, two with low molecular masses, C7.0 and C8.0, appeared to be predominant by staining and labeling. These two proteins, with estimated molecular masses of 7.0 and 8.0 kDa, were overexpressed at low temperatures. The relative rate of synthesis of both C7.0 and C8.0 increased systematically with decreasing temperatures. The cross-reaction between the two sera raised against C7.0 and C8.0 could result from contamination of the preparations, as the two proteins are very close to each other, or could be explained by epitopes the two proteins have in common. It was very interesting that the antibodies also recognized two other proteins, E7.0 and E8.0, which are more basic but have the same molecular masses as C7.0 and C8.0, respectively. The relative rate of synthesis of E7.0 and E8.0 was maximal at 30°C and at supraoptimal growth temperatures, and, unlike that of C7.0 and C8.0, their synthesis decreased with decreasing temperature and they were not produced at 40C. The signal of anti-C7.0 serum obtained with protein E7.0 was more intense than that obtained with protein E8.0, and conversely, anti-C8.0 serum cross-reacted more specifically with E8.0 than with E7.0. These results mean that similar epitopes exist in the four proteins.
The role of these proteins is not known. However, the positioning of C7.0 and C8.0 in 2-DE very close to E. coli cold shock protein CS7.4 (7.4 kDa; estimated pI, 5.83 or 5.87 according to different 2-DE analyses or 5.95 according to sequencing data; 36) and the strong recognition of E. coli CS7.4 by anti-C8.0 serum indicate that some analogies exist among the sequences of these proteins. CS7.4 has been characterized as the major cold shock protein; its production reached 13% of total protein synthesis after a shift from 37 to 100C (8) . CS7.4 belongs to a family of DNA-binding proteins found in both eukaryotes and prokaryotes. The amino acid sequence of CS7.4 (8) is 61% identical to CspB from Bacillus subtilis (38) and 56% identical to SC7.0 from Streptomyces clavuligerus (3) . Conserved regions of the internal amino acid sequences from the eukaryotic nucleic acid-binding proteins are 43 to 46% identical to the bacterial low-molecular-mass cold shock protein. Most of the eukaryotic DNA-binding proteins are known as Y-box transcription factors (39) . Concerning the major cold shock protein of E. coli, CS7.4, Qoronfleh et al. (30) postulated that it could be a universal transcriptional activator-regulator of the cold shock regulon. Indeed, binding sites for CS7.4 have been found in the promoters of several cold shock genes, including gyrA (18, 19) , hns (21) , cspA (8) , recA (16) , nusA (10) , and the gene for polynucleotide phosphorylase (31) .
Considering the cross-reaction of the anti-C8.O antibodies with protein CS7.4 and the cross-reactivities among all four low-molecular-mass proteins of P. fragi Kl, C7.0, C8.0, E7.O, and E8.0, it can be postulated that all of these peptides belong to the same family of DNA-binding proteins. The similarities between CS7.4 and C8.0 enable us to conclude that C8.0 could play a role in steady-state cultures at low temperatures similar to that which CS7.4 plays for a cold shock. However, the presence of four similar proteins in P. fragi Kl suggests a more complex mechanism of regulation involving these four proteins. E7.0 and E8.0 would play an active role at optimal and supraoptimal growth temperatures, and their functions would be progressively taken over by C7.0 and C8.0 when the temperature decreased. At low temperatures, below 10°C, only C7.0 and C8.0 would be effective. Thus, the same functions could be assumed by these two pairs of proteins, whatever the growth temperature of the microorganism. It is possible that each of these four proteins is the product of a specific gene, but another hypothesis would be that E7.0 and E8.0 are converted posttranslationally to C7.0 and C8.0, respectively, with modifications due to low temperatures. Several results support the latter hypothesis. (i) The four proteins are characterized by the same molecular masses as pairs, and anti-C7.0 and anti-C8.0 sera more specifically recognize proteins E7.0 and E8.0, respectively.
(ii) Herendeen et al. (15) have shown that the level of acetylation of ribosomal protein L7/L12 of E. coli was higher at low temperature. (iii) A similar phenomenon was reported by Araki (2) , who observed that antibodies raised against two proteins characteristic of steady-state growth at 13°C, a supraoptimal growth temperature for Vibrio sp. strain ANT-300, both cross-reacted with a protein with a similar molecular mass synthesized preferentially at 0°C. The two proteins synthesized at 0°C displayed, as in our study, more acidic isoelectric points than did the two proteins produced at the supraoptimal temperature. Araki also suggested possible posttranslational modifications of these proteins according to the growth temperature.
The results presented here suggest that two pairs of lowmolecular-mass proteins could be the regulatory factors required for growth of P. fragi Kl at all temperatures. Moreover, the very active synthesis of proteins C7.0 and C8.0 in this bacterium at steady-state temperatures as low as 4°C could be essential for growth of P. fragi Kl and related psychrotrophic bacteria at temperatures not suitable for mesophilic bacteria.
Research on the response of P. fragi Ki, particularly the behavior of the four major temperature-controlled proteins (C7.0, C8.0, E7.0 and E8.0) upon shifts up or down in temperature is in progress. Determination of the amino acid (12) and nucleotide sequences and analysis of the regulation of their genes will show if they are products of specific genes or results of posttranslational modifications.
